The combined structural and biochemical studies on Lac repressor bound to operator DNA have demonstrated the central role of the hinge helices in operator bending and the induction mechanism. We have constructed a covalently linked dimeric Lac-headpiece that binds DNA with four orders of magnitude higher affinity as compared with the monomeric form. This enabled a detailed biochemical and structural study of Lac binding to its cognate wild-type and selected DNA operators. The results indicate a profound contribution of hinge helices to the stability of the protein-DNA complex and highlight their central role in operator recognition. Furthermore, protein-DNA interactions in the minor groove appear to modulate hinge helix stability, thus accounting for affinity differences and protein-induced DNA bending among the various operator sites. Interestingly, the in vitro DNA-binding affinity of the reported dimeric Lac construct can de readily modulated by simple adjustment of redox conditions, thus rendering it a potential artificial gene regulator.
C
entral to the biological function of the Lac repressor is a polypeptide linker that connects the DNA-binding domain (residues 1-49) to the core domain (residues 62-357) and is referred to as the hinge region. NMR and x-ray studies of Lac and its related Pur repressor have demonstrated that the hinge region is disordered in free protein and forms an ␣-helix only when bound to DNA (1) (2) (3) (4) . Once formed, the hinge helices penetrate into the minor groove of the DNA and force the operator to bend toward the major groove and away from the protein. Additionally, the hinge region holds a central role in the induction mechanism of the Lac repressor. Inducer binding to the core domain is believed to alter the network of interactions between the core and the DNA-binding domain, thereby destabilizing the binding of the hinge helices to the minor groove of the operator (5) . So far, however, the formation of hinge helices has been unambiguously demonstrated only in the case of an artificial symmetric operator ( Fig. 1) , which lacks the central base pair and is a palindrome of the left-operator site (1, (3) (4) (5) . Therefore, the question whether the hinge helices are present and their relative stability in the complex with its cognate wild-type operator has not yet been addressed in detail (6) . Moreover, a complete assessment of the role of hinge helices to operator recognition and its contribution to the overall binding is still missing.
One of the main obstacles in studying Lac binding to variant operators has been the low affinity of the isolated headpiece (HP) for DNA, which is due to the absence of dimerization interface. In fact, the ability to form dimeric or higher-order aggregates is of crucial importance for DNA-binding proteins because it dramatically increases their binding affinity. Extensive genetic studies on LacI have also emphasized this point. Mutations at positions that disturb the dimerization interface result in monomeric protein that completely abolishes the ability to repress (7, 8) . Therefore, the design and production of engineered DNA-binding domains that could restore the binding affinity of the intact repressor is of great importance. In the present work we demonstrate that a designed V52C mutant with a Cys52-Cys52Ј disulfide bond in the hinge region of Lac-HP62, which comprises the first 62 residues of the Lac headpiece, provides a large increase in the stability of Lac-HP62-DNA complex. Remarkably, the new covalently linked Lac-HP62-V52C construct binds DNA as tightly as the intact Lac repressor. The high affinity and the relatively small size of this dimeric Lac headpiece render it an ideal system to investigate in detail the binding of repressor and hinge helix formation in various operator sequences. Interestingly, the in vitro DNA-binding affinity of the reported system can be readily regulated through redox adjustment, thus rendering it a potential artificial gene regulator.
Materials and Methods
Protein Engineering. The HP62-V52C mutant was amplified from the corresponding Lac I genes by the PCR and expressed in Escherichia coli by using a T7 polymerase-based system. The protein was purified analogously to wild-type HP62 (6) in the presence of 10 mM of DTT. To produce the oxidized (dimeric) form of HP62-V52C, the protein sample was dialyzed at room temperature against buffer [60 mM KPi (pH 7.5), 400 mM KCl, 1 mM EDTA, 1 g͞l NaN 3 ] in the absence of DTT for 48 h to allow air oxidation and formation of the disulfide bond. Oxidizing or reducing conditions could also be produced by adding 10 mM DTT (or glutathione) in either the oxidized or reduced form. Nonreducing SDS͞PAGE was used to follow the oxidation͞ reduction procedure. The dimeric construct was obtained in pure form after separating it form the monomer by gel filtration using a Superdex 75 (Amersham Pharmacia) column. All samples were concentrated by using Cenricon concentrators (Amicon).
DNA Bending and Binding Affinities. All biochemical assays including DNA bending and electrophoretic mobility shift assays were performed essentially as described (6) . All experiments were performed at 4°C in 20 l of reaction buffer containing 10 mM Tris (pH 8.1), 50 mM KCl, 1 mM EDTA, 5% (vol͞vol) glycerol, and 0.1 mg͞ml BSA.
NMR Sample Preparation. All lac operator DNA fragments (Fig. 1) were purchased at Carl Roth GmbH (Karlsruhe, Germany) and further purified on a Q-Sepharose (Amersham Pharmacia) column. The following samples were used for NMR measurements: (i) 2 mM 13 C-and *To whom reprint requests should be addressed. E-mail: kaptein@nmr.chem.uu.nl.
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5.5).
The complexes of HP62-V52C with SymL(Ϫ1), SymR(ϩ1), and wild-type operators were dissolved in 0.01 M KPi buffer (pH 6.0) containing 0.02 M KCl. All samples were dissolved in 95% H 2 O͞5% D 2 O. Trace amounts of NaN3 were added as a preservative.
NMR Spectroscopy and Resonance Assignment. NMR spectra were recorded on Varian Inova 750 MHz and Bruker DRX-600 spectrometers. Spectra of the free protein were recorded at 300 K, whereas those of HP62-V52C-DNA complexes were recorded at 312 K. Backbone resonance assignments were obtained by a series of 13 C-and 15 N-edited double and triple resonance experiments (9) . The heteronuclear nuclear Overhauser enhancement (NOE) experiments were recorded essentially as described by Dayie and Wagner (10) . Amide proton exchange rates were determined at 25°C, pD 6.0, from the time course of the peak intensities in a series of 1 H-15 N transverse relaxation-optimized spectroscopy (TROSY) spectra (11) after dissolving lyophilized samples in D 2 O. All spectra were processed by using the NMRPIPE software package (12) and analyzed with NMRVIEW (13) .
Results and Discussion
Protein Engineering, DNA Affinities, and Bending. Based on the structure of intact Lac-SymL(Ϫ1) DNA complex (3), Falcon et al. (14) designed a mutation at Val52 within the hinge region to generate a protein in which a disulfide bond could be formed between the N-terminal domains. Cross-linking the two hinge helices is expected to strengthen protein-protein interactions that contribute favorably to the stability of the dimer interface as the positive contribution of disulfides to protein stability has been well established (15) (16) (17) . This had been shown before for lambda repressor by Sauer et al. (18) by engineering a disulfide bond at the dimer interface of the N-terminal domain, which resulted in increase in both protein stability and DNA binding activity. The oxidized LacI-V52C mutant repressor was shown to bind DNA with an approximately 6-fold higher affinity than the wild-type repressor (14) . Therefore, we expected that introduction of the same mutation in the Lac headpiece would also result in higher DNA-binding affinity. Further detailed modeling in our lab, based on the high-resolution structure of Lac-HP62-SymL(Ϫ1) complex (4), indicated that a disulfide bond of optimal geometry could be accommodated only at the Val-52 position (Fig. 2) . In all other positions crosslinking is expected to introduce unfavorable strain in the system. Table 1 summarizes the affinity of the protein constructs for various operators of DNA. In the reduced form, HP62-V52C protein binds DNA with a 5-fold higher affinity than does wild-type HP62. Remarkably, the disulfide crosslinked HP62-V52C mutant exhibits a 3 ϫ 10 4 -fold higher DNA-binding affinity as compared with the reduced form, reaching an apparent K d value of 30 pM (Table 1 and Fig. 3 a and b) . Under the same conditions, the intact Lac repressor binds DNA with similar affinity (Table 1 and Fig. 3b ). The dramatic enhancement of binding strength, which is one of the highest ever reported to arise from simple dimerization, demonstrates that DNA-binding domains can be rationally designed to restore the affinity of the natural repressor. The highest affinity of dimer HP62-V52C is measured for SymL(Ϫ1) operator, followed by wild-type (Ϸ2-fold decrease) and SymR(ϩ1) (Ϸ10-fold decrease) operators (Table 1) . Moreover, the degree to which DNA bends upon repressor binding appears to follow the same trend [33°in SymL(Ϫ1), 24°in wild-type, and 17°in SymR(ϩ1) operator; Table 1 and Fig. 3d ]. These biochemical results are very similar to those reported for the intact Lac repressor (6) , suggesting that the dimeric HP62-V52C construct behaves in the same way as the intact repressor. The stronger DNA bending determined for intact Lac repressor (Table 1) , compared with Lac headpiece, is due to wrapping of the intact repressor around the flanking nonoperator DNA part of the long fragment that was used for the DNA bending assays (19) . The structures of intact repressor (3) and Lac headpiece (4) bound to the SymL(Ϫ1) operator showed very similar DNA bend angles in the operator site.
In Vitro Redox Regulation of DNA Binding. The binding properties of the HP62-V52C mutant can be exploited in various ways. This protein can be interconverted between two forms, reduced and oxidized, with each of them exhibiting very different affinity for DNA. Our experimental results show that the formation of the disulfide bond is a reversible procedure. Therefore, this construct can be used to promote or suppress protein-DNA complex formation (20) because its DNA-binding affinity can be readily modulated. Simple adjustment of the redox conditions induces a switch between the dimeric (tightly DNA-bound) and monomeric (weakly DNA-bound) form (Fig. 3e) . The dimer form binds DNA with pM affinity (similar to intact Lac repressor), whereas the addition of reducing agent decreases the binding by 4 orders of magnitude. Furthermore, different ratios of reducing vs. oxidizing reagents can be used to control the extent of DNA binding (Fig. 3e ). An interesting development would be to use the HP62-V52C construct as an artificial control of gene expression or other biological processes (21) . Lac Binding to Wild-Type and SymR(؉1) Operators. Previously it had been shown that the affinity of Lac repressor for left-half and right-site symmetrized operators is highest for SymL(Ϫ1) and SymR(ϩ1) operators (6, 22, 23) . Symmetric operators with other deletions or insertions bind with very low or negligible affinity. From chemical shift and NOE analysis we can conclude that the Lac repressor recognizes and binds the left site of the wild-type operator identically to the SymL(Ϫ1) operator. Chemical shift mapping of the dimeric HP62-V52C bound to wild-type operator reveals significant differences between the individual subunits that contact the left and the right site of the operator (Fig. 5) . Especially for the recognition helix residues (Y17-N25), which are responsible for sequence-specific contacts, profound chemical shift differences up to 5. H dimensions, respectively, were measured. These results clearly demonstrate that the inherent differences in the sequence of the two sites influence the mode by which contact is made with the identical N-terminal DNA binding domains (24, 25) . Furthermore, a remarkable difference in the backbone (26), it is suggested that this particular H-bond is missing in the right site.
To obtain additional and independent experimental evidence of differential binding to the left and right site of the wild-type operator, amide proton exchange experiments were performed with the dimeric HP62-V52C complex. Interestingly, unusually high protection factors were obtained for residues participating in intermolecular hydrogen bonding, most likely reflecting the very low dissociation constant of the dimer HP62-V52C-wildtype operator complex. The backbone amide protons of Leu-6 and Ser-31 have been shown to form strong H-bonds to DNA phosphate in the SymL(Ϫ1) complex (4). Our data indicate high protection factors for these residues (the NH signal of Leu-6 showed up in the spectrum for Ϸ2 days and that of Ser-31 for Ϸ12 h), suggesting that these protein-DNA contacts are present in both sites of the wild-type complex (Fig. 5 a and b) . However, in the case of Asn-50, exchange rates are quite different and indicate that its backbone amide is protected only in the left site. Moreover, quantification of signals of hinge region residues demonstrated that the backbone amides of the right hinge helix exchanges with a Ϸ2-fold higher rate compared with those of the left site. Therefore, the absence of this critical hydrogen bonding is further corroborated by deuterium exchange experiment and may account for the lower stability of the right hinge helix as compared with the left one.
To shed more light on the structural features of the right-site complex, we studied the dimer HP62-V52C complexed with the SymR(ϩ1) operator (Fig. 1) . This fragment consists of two symmetric sites, each of them comprising the central base pair and the right site and has been shown to bind DNA relatively tightly. Upon binding to the operator, the hinge region assumes an ␣-helical structure as judged by chemical shift and NOE analysis (Fig. 4c) . Similar to the right site of the wild-type operator, and in contrast to the left site, the backbone of Asn-50 does not hydrogen bond to DNA. Interestingly, NMR analysis indicated slow exchange (of the order of 10 s
Ϫ1
) of hinge region residues between ␣-helix and random coil form (Fig. 4c) . Apparently, the hinge helices are not stable in the complex of Lac headpiece with SymR(ϩ1) operator despite the fact that the rest of the protein appears to be tightly bound to DNA (only one peak was identified for each residue corresponding to the bound state). Therefore, the instability of the hinge helices in the right half-site originates only in the local contact of the protein with the minor groove and is most probably related to the absence of hydrogen bonding between the backbone of Asn-50 and DNA. Our results confirm previous biochemical data indicating that the central base pairs may modulate the binding of the repressoroperator complex by altering the structure and flexibility of DNA (27) . Therefore, the DNA phosphate conformation in the minor groove appears to be optimal for hydrogen bonding to Asn-50 only in the left site region. In this context, it is quite interesting that any base pair substitution in the central part of the left site results in significant losses in binding affinity (28) . Furthermore, recently reported biochemical data demonstrated that subtle alterations in the central part of DNA sequence have a profound effect on binding affinity and allosteric response for Lac repressor (23) .
Formation of Hinge Helices Is an Important Component of the Mech-
anism of Specific Site Recognition by Lac. In contrast to its highly homologous Pur repressor (2), the hinge helices of Lac repressor do not make specific contacts to DNA base pairs. However, many biochemical studies have demonstrated that a specific DNA sequence in the central part of the operator is required for formation of hinge helices, which are needed for both increasing binding affinity and DNA bending (23, 28) . It becomes now apparent that both protein-protein and protein-DNA interactions are necessary for the stabilization of the dimer interface. This means that optimal spacing of the headpieces, which is needed to provide favorable protein-protein interactions (6), is not sufficient for hinge helix stabilization. As the present results emphasize, ''nonspecific'' protein-DNA contacts are capable of modulating the stability of the hinge helices and may provide a mechanism for Lac discrimination of different operator binding sites. Only these sequences with both appropriate headpiece spacing and phosphate geometry in the minor groove will give rise to hinge helix formation and ultimately to a stable repressoroperator complex. Although the Lac repressor makes specific contacts in both sites of its cognate wild-type operator, binding to the right site is unable to impose the optimal DNA conformation that is required for formation of the hydrogen bond between Asn-50 and DNA backbone. It thus appears that the weaker binding of repressor to the right site is a consequence of the resulting less perfect fit between protein and DNA. Furthermore, this crucial contact may modulate DNA bending in a similar way as described before for EcoRI endonuclease (29) . In the complex with SymL(Ϫ1) operator, where this intermolecular hydrogen bond is present in both sites, the protein-DNA interactions in the minor groove are optimal resulting in the stabilization of a severely bent DNA conformation (Table 1 and Fig.  3d ). Loss of this contact increases the energetic cost of attaining a highly kinked DNA, thus resulting in lower degree of bending in wild-type and SymR(ϩ1) operators (Table 1 and Fig. 3d ).
In conclusion, protein-DNA interactions in the minor groove are capable of modulating hinge helix stability and may provide a structural basis for explaining affinity variations among variant operator sites. Furthermore, they enable the Lac repressor to position hinge helices for indirect readout of DNA sequence resulting in its discrimination. Therefore, the well known notion that sequence-dependent conformational properties of DNA play an integral role in specificity for many sequence-specific proteins (30) applies also to the Lac repressor.
